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2FIG. 2: Two possible quantum mechanical paths that a pho-
ton pair may follow.
tion is restricted to the intersections of the cones made
by the e- and o-rays exiting the BBO crystal. In each
of these two directions, a photon of either polarization
(horizontal or vertical) may be found, with the orthog-
onal polarization found in the conjugate beam. Unlike
common misconception, the photon pairs found in these
two directions are not polarization entangled. In fact, the























jHi and jV i refer to the horizontal and vertical polariza-
tion state of a single photon, respectively.
The reason the state is mixed has to do with timing
information carried by the photon pair. Because of the
group velocities experienced by the dierent polarizations
are not the same, one polarization always precedes the









are distinguishable in principle. In cw-pumped type-II
SPDC, a pair of birefringent compensators, with the ef-
fective thickness equal to half the down-conversion crys-
tal, can remove this timing information, thus transform-
ing the mixed state to a pure polarization entangled state
[3, 9].
But in ultrafast type-II SPDC, the pump pulse intro-
duces additional timing information, which cannot be
eliminated with the birefringent compensators, into the
two-photon state [5]. It is therefore impossible to trans-
form the mixed state into a pure polarization entangled
state [6].
The interferometric entanglement concentration
scheme shown in Fig. 1(b), nevertheless, allows us to
transform the mixed state to a polarization entan-
gled state, regardless of the pump bandwidth, crystal
thickness, and spectral lters used [10].
Let us now discuss the entanglement concentration
scheme in detail, see Fig. 1(b). The photon pairs exit
the crystal and travel equal distances (delay  = 0) to a
polarization beam splitter (PBS). A =2 plate inserted in
one arm rotates the polarization by 90
Æ
and ensures that
the photon pairs have the same polarization when they
reach the PBS. Thus, there are two possible outcomes:
both photons are reected(r-r); or both are transmitted
(t-t). These two biphoton paths are illustrated in Fig. 2.
Since it is never the case that two photons exit the same
port of the PBS, no post-selection is required. Note also
that the photon that left the crystal with e-polarization





fore, the intrinsic timing information present in type-II
SPDC cannot be used to distinguish between the t-t and
the r-r paths. As a result, the temporal and spectral
dierences between the photon pair have no bearing on
the polarization entanglement. We, therefore, have ef-
fectively `dis-entangled' the timing information and the
polarization information of the qubit pair. Such dis-
entanglement of decoherence causing and the information
carrying parts of the wavefunction of the qubit pair is
the hallmark of this entanglement concentration scheme.
(Note that the photon pair arrival times are still known
within the coherence time of the pump pulse.)









then quantum mechanically indistinguishable. There-

















; where ' is the phase be-
tween the two term and it may be varied by tilting the
phase plates QP1 and QP2. With a setting of ' = 0,








If the delay  is introduced in one arm relative to the
other, then the overall overlap between the two ampli-
tudes becomes smaller. In this case, a more general





; where 0  "  1, is generated.
Universal Bell-state Synthesizer   To understand why
this entanglement concentration scheme works as a uni-
versal Bell-state synthesizer, it is necessary to carry out
fully quantum mechanical calculation of the joint detec-
tion rate. What we would like to show here is that the
quantum interference at  = 0 (balanced interferome-
ter) does not depend on any parameters that are related
to the pump source, spectral ltering, and the crystal
properties. We present a brief summary of the calcu-
lation here and a detailed calculation will be published
elsewhere [11].





















;  )j ij
2
where j i is the state of type-II SPDC [5]. Assuming
that the quartz phase plates are adjusted so that ' = 0,
the electric eld operators that reach the detectors in this


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4pump pulse was about 2 nm. The thickness of the type-II
BBO crystal was 3 mm and the SPDC radiation was cen-
tered at 780 nm. Interference lters with 20 nm FWHM
were inserted in front of each detectors to reduce noise
counts. The eective coincidence window for this experi-
ment was 3 nsec. The quartz phase plates QP1 and QP2
were not available for this experiment so the phase '
could only be roughly adjusted by the tilt angle of the
crystal itself. Since the phase ' could not be freely ad-
justed, we xed ' at some arbitrary angle and scanned









for the dip. Fig. 4 shows a typical data set for
this measurement. The observed visibility is greater than
90% and could have been improved further if phase plates
had been available to ne tune '. Nevertheless, the ob-
served visibility is by far the highest in ultrafast type-II
SPDC generated from a thick crystal (For comparison,
see Ref. [6] for usual ultrafast type-II SPDC data) and
in principle it does not depend on crystal, pump, and l-
ter parameters as shown in Eq. (1). The FWHM of the
interference is roughly estimated to be 140  150 fsec
which is very close to theoretically expected value of 160
fsec (assuming exactly 2 nm FWHM pump bandwidth).
[11].
Discussion   It is helpful to introduce the terms \En-
tanglement" or \Entanglement of Formation" (E) and
\Entropy" or \Entropy of Entanglement" (S) formally,
as done in Ref. [7], to visualize the entanglement concen-
tration process in this work.
Under these denitions, our initial mixed two-qubit
state has S = 0:5 and E = 0 [12]. The output state
of the balanced entanglement concentrator has E = 1
and S = 0. Most importantly, the entanglement con-
centration has been made without throwing away any
sub-ensemble of the initial two-qubit system.
A more general state, partially mixed partially entan-
gled, can be readily prepared by introducing the delay 
in one arm. If  6= 0 and  < jÆtj, where Æt is the two-
photon coherence length, we obtain a state which is not
completely entangled and not completely mixed. Such
states are called Werner states [13] and lie between two
points (S,E)=(0.5,0) and (S,E)=(0,1). Only recently,
researchers have started to study these states experimen-
tally in the cw domain [14]. Such states are important in
studying controllable decoherence in multi-qubit systems
(for now, however, it is limited to two-qubit systems).
Since our scheme oers readily controllable decoherence
in the pulsed domain, we believe that it will be a use-
ful tool to generate a multi-qubit entangled state and to
study its decoherence in a controlled environment.
In conclusion, we have reported the experimental re-
alization of entanglement concentration without local l-
tering and demonstrated a universal Bell-state synthe-
sizer. Although typical type-II SPDC is used as a source,
our Bell-state synthesizer is not aected by the pump
source, the crystal properties, and the use of spectral l-
ters. In addition, a more general state, partially mixed-
partially entangled state can be readily generated. We
believe that this new Bell-state synthesizer will be useful
in experimental studies of quantum information science
and as a building block of multi-particle entanglement.
Finally, the entanglement concentration scheme based on
dis-entanglement of decoherence causing and information
carrying parts of the wavefunction may be applied to
other quantum systems in which strong decoherence in
one variable destroys entanglement in the other variable.
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